Reactions of pial arteries to the muscarinic ag onist carbachol were tested in vivo in chloralose anesthe tized cats before and after endothelial damage. Moderate endothelial damage was induced by arterial air embolism and verified by electron microscopy for the vessels tested. The experiments had three phases: First, the normal reactivity of pial arteries to carbachol (10-7 to 10-5 M) was tested using the microapplication technique, then, after air embolism, the reactivity was reinvestigated at the same vessel. Finally, pial arteries were taken out for scanning electron microscopy. The results show car bachol (10-6 and 10-5 M) induced significant dilatations under control conditions. also after repetition at the same vessel. After air embolism, the reactions to carbachol were abolished. Morphologic data revealed that whereas
discovered that the vascular endothelium plays a role in the reac tions of isolated arterial vessels to some, though not all, vasoactive stimuli. Physiological and phar macological stimulants of muscarinic receptors in duced dilations only in vessels with intact endothe lium (Furchgott, 1984) . After rubbing the endothe lium, the vasodilatation was abolished or even reversed to a constriction. These experiments have established a mechanism by which vascular reac tions may be partly mediated or modified. How ever, they do not show what impact this mechanism has on normal flow regulation in vivo, especially in the brain, because their experiment, as most exper iments demonstrating the functional significance of control pial arteries showed intact endothelium, the em bolized vessels revealed various degrees of endothelial alterations. All showed flattening of endothelial nuclei. to a greater or lesser degree, and in many cases, the endo thelium had a wrinkled appearance; several arteries showed severe degradation of the intercellular junctions. It is concluded that (a) carbachol-induced muscarinic vasodilatation of pial arteries in vivo can be abolished after a morphologically verified endothelial lesion-thus confirming in vitro studies in larger arteries and (b) dis turbed vascular function does not require rubbing of the endothelium, but occurs already with moderate endothe lial damage. Key Words: Cholinergic flow regulation Endothelium -Microapplication technique-Scanning electron microscopy-Vasoreactivity. endothelium to muscarinic vasodilatation, has been performed on larger arterial segments under in vitro conditions. The properties of smaller arteries and arterioles under in vivo conditions are more rele vant but. so far, less well defined. Furthermore, in cerebral vessels, the endothelial location of the blood-brain barrier (BBB) might imply the exis tence of special properties with respect to endothe lium-dependent responses. That endothelial mecha nisms exist in cerebral vascular reactions has been demonstrated for large cerebral arteries in vitro (Lee, 1982; Katusic et aI., 1984; Sercombe et aI., 1985) . Their significance for smaller cerebral vessels in vivo has been indicated by a study in mouse pial arterioles (Rosenblum, 1986) . The aim of the present study was to go one step further, i.e. to compare, in anesthetized cats, the in vivo reac tions to the muscarinic agonist carbachol before and after endothelial damage in the same vessels and to verify the endothelial damage by mor phology in the same animals.
METHODS

Preparation and procedures
Thirteen adult cats (3-6.5 kg) of either sex were anes thetized with chloralose (40-50 mg/kg, i. v.) . Three an imals were used for tests of the pial arterial reactivity to carbachol before and after air embolism and for the mor phological examination of the cerebrovascular endothe lium after air embolism; in six animals, only morphology after air embolism was investigated; and four animals served as control animals for the comparison of the endo thelial ultrastructure without embolization.
The open cranial window preparation has been de scribed previously (Haller et aI., 1986) . Briefly, the an imals were artificially ventilated, body temperature and Pco2 were controlled, and blood pressure was contin uously recorded. Bihemispheric air embolism was in duced via the carotid arterial system and visually veri fied.
To test the pial arterial reactivity to carbachol a few microliters of artificial CSF were injected through micro pipettes with sharpened tips (outer diameter 8-10 fJ.. m) into the perivascular space of the single pial arteries.
The control artificial CSF had the following composi tion: Na+ 156 mM. K + 3 mM, Ca 2 + 1.5 mM, HC03 -15 mM, and CI-147 mM. Carbachol was dissolved in this artificial CSF to yield concentrations of 10-7, 10-6, and 10-5 M. These solutions had a pH of 7.2 (37°C), irrespec tive of the concentration of carbachol. The osmolarity of the artificial CSFs (measured with the vapor pressure os mometer Wescor 5100 C) was 304 mOsmol/L. All solu tions were freshly prepared and bubbled at 38°C with a mixture of 95% N2 and 5% CO2 equilibrated with water and stored under oil. The pial arterial reactivity was determined as pre viously described (Haller et aI., 1986) . Briefly, the per centage changes in the vascular diameter observed after 20 and 40 s of artificial microapplication, compared to control diameter observed before the perivascular injec tion, were analyzed for each pial artery. The pial arterial reactivity to carbachol was defined as the slope of the resulting concentration -response curve.
Experimental design
Carbachol experiments. In each of the three cats six to eight pial arteries with diameters between 30 and 300 fJ.. m were selected for the test of their reactions to carbachol before and after air embolism. The tests of the vascular reactions to carbachol were preceded by the microap plication of alkaline (30 mM HC03 -) and acidic (0 mM HC03 -) artificial CSF (Haller et aI., 1986) to verify the general capacity of the examined vessels to dilate and constrict to perivascular stimuli.
The small variations of the diameter of each vessel during the microapplication of the pure solvent for carba chol (containing 3 mM K + and 15 mM HC03 -) were de termined prior to the tests with carbachol. To verify the reproducibility of the vascular reactions to carbachol, each pial artery was investigated twice under control conditions by repeating the microapplications at the same injection sites 60-90 min after obtaining the first concen tration-response curve for carbachol.
The reactivity of pial arteries to carbachol was tested before and after cerebrovascular air embolism. Tr ansient occlusion of the exposed pial arteries by air was evi denced by their "empty" appearance. With the sponta- 1987 neous reperfusion (10-25 min after air embolism), all vis ible vessels were markedly dilated; the tests of the vas cular reactivity to carbachol were repeated at the same injection sites with identical solutions. This experimental design allowed the direct comparison of the pre-and post-embolic vascular reactivity to carbachol in the same vessels.
Control preparations. The four control animals were prepared in exactly the same way as described for the cats that were subjected to air embolism: Each control animal had been used for microapplication experiments that did not involve cerebrovascular embolism; neverthe less, these control animals had a catheter placed into the innominate artery as a sham operation. The correct posi tion of the catheter tip was verified after each experi ment. The duration of the various microapplication ex periments that preceded the perfusion fixation of the control brains was comparable to the duration of the tests of the pial arterial reactivity to carbachol before and after air embolism.
Perfusion fixation of the brain
Exactly the same protocol was followed in the embo lism experiments, including those involving microappli cation of carbachol, and in the nonembolised control preparations. At the end of each experiment (in the car bachol experiments � 1 h after air embolism), the pial ar teries which had been tested were marked by the perivas cular microapplication of coloured oil. A thoracotomy was performed to verify the position of the catheter tip in the innominate artery and to introduce a wide-bore plastic canula into the lower thoracic aorta for fixation of the brain. Special care was taken to ensure that the cere bral cortex of the craniotomy area remained covered with oil throughout this preparation. Beginning within < 1 min after circulatory arrest and being completed within 20 min, 600-800 ml of 2.5% glutaraldehyde in phosphate buffer was infused at arterial pressure into the aortic arch. In removing the brain, special care was taken to avoid damage to the pial arteries tested.
Scanning electron microscopy of pial arteries
Segments of pial arteries, 4-8 mm long, were removed from the glutaraldehyde-fixed brain immersed in phos phate buffer. They comprised either one or more of the tested vessels and/or an adjoining arterial segment imme diately upstream (a branch of the middle cerebral artery). One or more equivalent segments were removed from the opposite (nonexposed) hemisphere. These segments were opened by longitudinal incision with fine scissors and pinned out on cork supports with the intimal surface upward. After treatment with increasing concentrations of ethanol and then acetone, they were sUbjected to CO2 critical point drying and metallised for examination with a CAMECA MEB-07 scanning electron microscope.
Statistical analysis
Unless otherwise stated, all values are presented as means ± SEM. The concentration-response curves and the changes in vascular diameter between different ex perimental phases (control/repeat, control/post air embo lism) were analyzed as previously described (Haller et al., 1986) using multivariate analysis of variance (MAN OVA) with mixed effects. This multivariate ap proach is independent of the different sizes of vessels and thus obviates the transformation into percentage values for the analysis of the changes of the vascular diameter. Standard statistical tests for the analysis of variance were employed (F test). The error sums of squares were deter mined according to the appropriate mixed effect model. For the computations the program MAN OVA of the SPSSx package was used (Nie et aI., 1983) . A level of p < 0.05 was accepted as significant.
RESULTS
Functional tests
The four control animals that were not subjected to cerebral air embolism had the following arterial blood pressure and acid-base status: blood pressure 128 ± 27 mm Hg, pH 7.37 ± 0.04, PC0 2 31 ± I mm Hg, P0 2 102 ± 5 mm Hg.
The reactivity of pial arteries to carbachol was tested before and after air embolism. In the control phase before air embolism, the arterial blood pres sure and acid-base status were: blood pressure 120 ± 5 mm Hg, pH 7.39 ± 0.04, Pco 2 30 ± 2 mm Hg, P0 2 109 ± 8 mm Hg. After air embolism, similar values were obtained: blood pressure 125 ± 9 mm Hg, pH 7.32 ± 0.06, Pco 2 31 ± 2 mm Hg, P0 2 98 ± 4 mm Hg. There were no significant differences compared to the control phase or compared to the control animals.
Before the effects of carbachol were tested, the reactivity of the vessels to changes in perivascular pH was evaluated. The HC03 -free mock CSF-in duced vasodilations of 37.4 ± 3.9% and the mock CSF containing 30 mM HC03 -constricted by 11.6 ± 1.4% (n = 22). Figure 1 shows the results on the tests of reac tivity to carbachol both before and after embolism. The two control curves (original and repeated) dis play an increasing dilatation of the vessels with as cending concentrations of carbachol, which is sig nificantly different from the effect of the pure sol vent solution at a carbachol concentration of 10 -6 and 10 -5 M. The magnitude of the vasodilatations at a given concentration and the slope of the re sulting concentration-response curve are not sta tistically different between the two control curves. In one animal, the pial arterial reactivity to carba chol was repeated once more during control condi tions: In this animal the three resulting concentra tion-response curves for carbachol during control conditions were also not different from one an other. The good reproducibility of the concentra tion-response curves during control conditions ap parently excludes the possibility of tachyphylaxis of the pial artery response to carbachol.
The higher position of the postembolic concen tration-response curve (Fig. 1) is due to the vaso dilatation following air embolism: A new control level was established at a diameter of about + 46%. In addition to being displaced to a dilated range, the postembolic curve lost its slope: None of the points of the postembolic concentration-response curve is statistically different from any other point of this curve, indicating the abolition of pial arterial dilata tion in response to carbachol after air embolism. However, the vascular diameter was significantly reduced during the injection of 10-7 M carbachol compared to the postembolic control level; this small constriction indicates that the abolition of the vasoreactivity to carbachol after air embolism could not simply be attributed to the existence of the post-embolic vasodilatation.
Morphology
Morphologic examination was made of 29 ar teries from 13 cats, including four control animals and nine-inclusive of the three in which carbachol was tested-that were subjected to air embolism by the technique described. Comparison of arteries from one control animal in which the cortex was not exposed with arteries from the exposed cortex of the three other controls revealed no notable dif ferences, indicating that the open skull preparation did not in itself affect the state of the endothelium of the pial arteries. Figure 2A shows a typical pic ture of pial artery endothelium from an exposed nonembolised artery, with well-defined, closed cel lular junctions, and smooth convex cell surfaces. In contrast, pial arteries from emboli sed animals, with no noticeable difference between the exposed and the nonexposed sides, showed one or more of the following main types of lesions:
(a) Relatively flattened (although to a greater or lesser extent) intimal surface seen in 13 arteries from the 21 embolised vessels examined. In many cases the cellular junctions were still visible, but an elliptic central zone, presumably corresponding to the nucleus, remained prominent (e.g., Fig. 2B ). Much of the endothelium also appeared wrinkled. (b) Completely flat intimal surface (although visibly lined with endothelium, Fig. 2C ). (c) Flattened en dothelial cells and presence of intercellular junc tions that were no longer edge-to-edge but rather consisted of a "lacework" of connecting strands (e.g., Fig. 2D ). In a few cases, fine transversal fis sures were visible over the cells themselves; this type of lesion was found essentially in three brains of animals in which the exposed cortex presented an oedema. Superimposed on type (a) and (b) le sions, there were frequently small platelet aggrega tions, most often in the shape of axial "streaks".
The endothelium of arteries tested with carba- chol (from the three animals involved in the mi croapplication experiments) presented typical le sions of type (a) and (b), again in some cases in cluding platelet aggregation.
DISCUSSION
The role of endothelium in cerebral vasomotor reactions has been studied in large cerebral arteries in vitro. After removal of the endothelium, dilata tion induced by acetylcholine could be converted into constriction in the cat (Lee, 1982) or be largely reduced in the rabbit (Sercombe and Verrecchia, 1986) , whereas papaverine still relaxed the vascular smooth muscle cells. Congruently, dilation of iso lated canine basilar arteries to vasopressin was abolished after rubbing the endothelium (Katusic et aI., 1984) . Endothelial modulation of vasoactive ef fects could also be demonstrated for a vasocon strictor substance: After endothelial removal, nor epinephrine constricted isolated middle cerebral ar- Vol. 7, No.5, 1987 teries to a larger extent with a higher sensitivity than under the unlesioned, control conditions (Ser combe et al., 1985) . Recent studies indicate that such results obtained from large cerebral arteries under in vitro conditions can be extended to smaller cerebral vessels and to the in vivo situation. Pial arteries of mice were injured in vivo by a com bined exposure of the cortex to green light and sys temic administration of sodium fluorescein (Ro senblum, 1986) . This procedure has been reported to injure cerebrovascular endothelium, but not vas cular smooth muscle, as deduced from ultrastruc tural studies. Under such conditions with only slight ultrastructural damage, the dilating effects of acetylcholine and bradykinin were reversed to con strictions (Rosenblum, 1986) . In addition, acute se vere hypertension, which caused endothelial le sions in cerebral arteries of anesthetized cats, was able to convert acetylcholine induced dilation into constriction. Dilation could be partly restored by topical application of superoxide dismutase or cata- lase (Kontos and Wei, 1985) . The data in this study are congruent with these results, since in the present study, as is the case of in vitro studies, the endothelium was not removed, but rather was visibly damaged as assessed morphologically in 13 animals including those which had been taken for the physiological studies. Under these conditions, the carbachol-induced dilations were abolished. The abolished sensitivity to carbachol after air embolism might be ascribed to a fading effect of carbachol after several applications, since repeated applications have to be performed at the same vessel when each vessel is to serve as its own con trol. However, repetition, and even double repeti tion, of a concentration-response curve for carba chol, did not result in any change in sensitivity, as shown in Figure 1 . This rules out possible tachy phylaxis during repeated applications of carbachol. In the present study, the dilation induced by carba chol was more pronounced than in a previous mi-croapplication study (Kuschinsky et al., 1974) . We have no explanation for this occurrence, although slightly altered HC03 -concentrations (11 mM in the previous study versus 15 mM in the present study) might contribute to the difference.
It could be argued that air embolism induces not only damage to the endothelium, but also a tran sient hypoxia that may disturb vascular reactivity. Although such a possibility cannot be completely excluded, this appears unlikely, since previous hyp oxia does not disturb pial vascular reactivities to H+, K +, and adenosine (Haller and Kuschinsky, 1985) . However, in the same experimental model as in the present study, the reactivity to H + (Haller and Kuschinsky, 1981) and adenosine (Haller et al., 1986 ) was found to be highly attenuated, whereas the reactivity to K + was >50% preserved (Haller and Kuschinsky, 1981) . Furthermore, in the latter study it was demonstrated, by use of mannitol to dilate the arteries, that the dilatation per se did not greatly affect the reactivity to either K + or H + . Thus the abolition of the carbachol-induced dilation found here cannot be explained by assuming the ar teries had attained maximal dilatation. In the light of the present study, it appears possible that the pial arterial reactions to several of these factors are modulated by the endothelium, although to date there is no information on this point for H+ ions, and for adenosine, there is some disagreement (Hardebo et al. , 1983; Rubanyi and Vanhoutte, 1985) .
The morphologic examination indicated clearly that the endothelium was not removed by the air embolism but suffered a variable degree of lesion characterized notably by a certain flattening and the formation of wrinkles. The most severely le sioned vessels, which showed a high degree of rup ture of intercellular junctions [type (c) lesions], were systematically associated with an oedema. It is possible that in one animal this oedema, which appeared after embolism, was caused by a large permeability increase due to the embolism-induced lesion. However, in the other animals the oedema had begun before embolism, so that the oedema it self may rather be the cause of this type of lesion.
Compared with the control state, which was very similar to the state of undamaged cerebral arteries, the type of endothelial lesion observed in the em bolized animals, including those tested with carba chol, is suggestive of a state of shrinkage due to fluid loss, coupled with surface mechanical damage that could be due to the abrasive effect of the air blood interface. Such minor membrane damage is presumably responsible for the platelet aggregation seen in many arteries. It might also result in J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 damage to cholinergic receptors if they are indeed situated on the luminal membrane of the endothe lial cells. However, although their presence there is compatible with the hypothesis put forward by Furchgott (1984) to explain the endothelial depen dence of muscarinic vasodilation, there is no direct evidence in favour of this site rather than an ablu minal site. The apparent volume change in the en dothelial cells may be associated with more pro found lesions involving the organelles and, espe cially, the secretory mechanisms responsible for the release of the endothelium derived relaxing factor that is believed to act on the vascular smooth muscle.
The present data show that muscarinic vasodila tion of pial arteries can be abolished, when the en dothelium of these vessels is damaged by arterial air embolism. This confirms in vitro studies per formed on large cerebral arteries. In addition, the disturbed vascular function can be observed in vivo after only moderate damage of the endothelium; it is not necessary to completely remove the endothe lium. Such moderate endothelial damage is likely to occur under pathophysiological conditions more often than complete removal of the endothelium. This may contribute to the impaired cerebrovas cular reactivity, which often occurs under such conditions.
